An intercomparison of skill and overconfidence/underconfidence of the wintertime North Atlantic Oscillation in multimodel seasonal forecasts by Baker, L. H. et al.
An intercomparison of skill and 
overconfidence/underconfidence of the 
wintertime North Atlantic Oscillation in 
multimodel seasonal forecasts 
Article 
Published Version 
Baker, L. H., Shaffrey, L. C., Sutton, R. T., Weisheimer, A. and 
Scaife, A. A. (2018) An intercomparison of skill and 
overconfidence/underconfidence of the wintertime North 
Atlantic Oscillation in multimodel seasonal forecasts. 
Geophysical Research Letters, 45 (15). pp. 7808­7817. ISSN 
0094­8276 doi: https://doi.org/10.1029/2018GL078838 
Available at http://centaur.reading.ac.uk/78200/ 
It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing .
To link to this article DOI: http://dx.doi.org/10.1029/2018GL078838 
Publisher: American Geophysical Union 
All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement . 
www.reading.ac.uk/centaur 
CentAUR 
Central Archive at the University of Reading 
Reading’s research outputs online
Geophysical Research Letters
An Intercomparison of Skill and Overconﬁdence/
Underconﬁdence of the Wintertime North
Atlantic Oscillation in Multimodel
Seasonal Forecasts
L. H. Baker1 , L. C. Shaﬀrey1 , R. T. Sutton1 , A. Weisheimer2,3 , and A. A. Scaife4,5
1National Centre for Atmospheric Science, Department of Meteorology, University of Reading, Reading, UK,
2NCAS, Department of Physics, University of Oxford, Oxford, UK, 3European Centre for Medium-Range Weather Forecasts,
Reading, UK, 4Met Oﬃce Hadley Centre, Exeter, UK, 5College of Engineering, Mathematics and Physical Sciences,
University of Exeter, Exeter, UK
Abstract Recent studies of individual seasonal forecast systems have shown that the wintertime North
Atlantic Oscillation (NAO) can be skillfully forecast. However, it has also been suggested that these skillful
forecasts tend to be underconﬁdent, meaning that there is too high a proportion of unpredictable noise
in the forecasts. We assess the skill and overconﬁdence/underconﬁdence of the seasonal forecast systems
contributing to the EUROpean Seasonal to Interannual Prediction (EUROSIP) multimodel ensemble system.
Five of the seven systems studied have signiﬁcant skill for forecasting the wintertime NAO at 2- to 4-month
lead times. Four of these skillful systems are underconﬁdent for forecasting the NAO. A multimodel
ensemble (ensemble size 126 members) is both skillful and clearly underconﬁdent. Underconﬁdence
becomes more pronounced as the ensemble size increases. Certain years in the hindcast period are well
forecast by all or most models. This implies that common teleconnections and drivers of the NAO are being
captured by the EUROSIP seasonal forecasts.
Plain Language Summary In this paper we provide an intercomparison of seven seasonal
forecast systems, with particular focus on the wintertime North Atlantic Oscillation (NAO). The wintertime
NAO is the main driver of winter weather variability in the United Kingdom and Europe, and being able
to forecast the NAO for the season ahead has potential beneﬁts for many diﬀerent sectors such as
agriculture, energy, health, transport, and water resource management. We show that ﬁve of the seven
systems studied can skillfully forecast the NAO, and a multimodel ensemble has even higher skill.
Four of these skillful systems are found to be underconﬁdent, which means that there is too high
a proportion of unpredictable noise in the model. Being underconﬁdent makes it more diﬃcult to fully
utilize the skill of a forecast. However, one system is skillful but not underconﬁdent. We also ﬁnd that
there are common years in which the NAO is well forecast by all the skillful systems. This is an important
result because it implies that common drivers of NAO predictability are being captured by these systems.
These results are an important contribution to our understanding of seasonal forecasts systems and the
predictability of the NAO.
1. Introduction
The wintertime North Atlantic Oscillation (NAO) is the main driver of variability in winter sea level pressure,
temperature and precipitation over much of Europe and the North Atlantic (e.g., Hanna & Cropper, 2017;
Hurrell, 1995; 1996; Hurrell et al., 2003; Trigo et al., 2002). The NAO is a measure of the diﬀerence in surface
pressure between the Icelandic Low and the Azores High. Positive values of the NAO indicate that this pres-
sure diﬀerence is larger than normal, resulting in a stronger North Atlantic jet, often associated withmild, wet
winters across northern Europe. Negative NAO values indicate a weaker meridional pressure gradient across
the North Atlantic, leading to a weaker jet and more frequent occurrence of atmospheric blocking, often
associated with cold, dry winters in northern Europe.
Recent advances in seasonal forecasting models mean that some systems have skill in the midlatitudes for
modes of variability such as theNAO. Scaife et al. (2014) showed that theMetOﬃce’s seasonal forecast system,
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GloSea5, has signiﬁcant skill (correlation 0.62) for thewintertimeNAOat 2- to 4-month lead times for a 20-year
period (1992–2011). The GloSea5 forecasts have since been used for applications such as seasonal forecasts
of regional UK precipitation (Baker et al., 2017), weather-related impacts on UK transport (Palin et al., 2016),
Baltic Sea ice (Karpechko et al., 2015), andUK energy demand and supply (Clark et al., 2017). Athanasiadis et al.
(2017) showed that even higher skill (correlations of 0.85) can be obtained for the NAO using a multimodel
ensemble (MME) of three seasonal forecast systems (GloSea5, NCEP-CFSv2, and CMCC) but found that the
exact level of skill was sensitive to both the hindcast period and the NAO deﬁnition used. Dobrynin et al.
(2018) showed that similarly high levels of skill (correlations of 0.86) can be obtained for the NAO using a
combination of a single seasonal forecast system and a statistical model. Similar levels of skill have also been
found for thewintertime Arctic Oscillation in some individual andmultimodel seasonal forecast systems (e.g.,
Athanasiadis et al., 2017; Kang et al., 2014; Stockdale et al., 2015).
As mentioned above, previous studies have shown some sensitivity to the deﬁnition of the NAO used when
evaluating seasonal forecasts. Observational records at Stykkisholmur, Iceland, and Ponta Delgada, Azores,
mean that the NAO is often deﬁned as the diﬀerence in surface pressure between these two points (Hurrell
et al., 2003) or other similar pairs of points (Li & Wang, 2003). For a more up-to-date, extended Azores-Iceland
NAO index, see Cropper et al. (2015). Alternatively, the NAO is deﬁned as the principal component of the
ﬁrst empirical orthogonal function (EOF) in the North Atlantic region (e.g., Barnston & Livezey, 1987; Rogers,
1990; Weisheimer et al., 2017). Both thesemethods have some disadvantages. The point-basedmethodsmay
not give a good representation of the full spatial pattern of the NAO (Li & Wang, 2003) and may also suﬀer
from homogeneity issues of the long-running climate stations fromwhich they are constructed (Hanna et al.,
2015). Furthermore, they have the disadvantage that even if amodel successfully represents the broader scale
NAO, errors in the position of the northern and southern centers of action mean that the model skill may
appear lower than it should (Stephenson et al., 2006). Because of this, EOF-based NAO indices will generally
be forecast withmore skill than point-based indices on seasonal time scales, althoughwe note that Domeisen
et al. (2018) found that point-based indices have better predictability on time scales of days to weeks, due to
missing smaller-scale variability in EOF-based indices. However, using the EOF method can lead to problems
with the physical interpretation of results (Li & Wang, 2003; Osborn et al., 1999) and due to diﬀerences in the
division of modes of variability in models compared to observations (Stephenson et al., 2006).
Another issue identiﬁed in previous studies is that some seasonal forecasting systems,while skillful, are under-
conﬁdent. This means that there is too high a proportion of unpredictable noise in the model, resulting in a
smaller ensemblemean variance thanwould be expected given the correlation between the ensemblemean
and observations (Kumar et al., 2014; Scaife et al., 2014). Eade et al. (2014) showed that the GloSea5 system is
underconﬁdent for the NAO and in the wider North Atlantic region. The same is true for interannual predic-
tions (Dunstone et al., 2016). Athanasiadis et al. (2017) found that the threemodels in their study and theMME
were also underconﬁdent. A similar underconﬁdence was found for the European Centre for Medium-Range
Weather Forecasts (ECMWF) system Arctic Oscillation forecasts by Stockdale et al. (2015). The cause of the
underconﬁdence is not fully understood and is an ongoing area of research. However, it is not due to incor-
rect internal variability, since the interannual variance of individual ensemblemembersmatches the observed
interannual variance.
It is clear from theabovediscussion that there aremajor knowledgegaps regarding the level of skill in seasonal
forecasts of the wintertime NAO, the extent that skill depends on the deﬁnition of the NAO and the degree to
which seasonal forecasts of the wintertime NAO are overconﬁdent or underconﬁdent. To address these gaps,
we assess the skill and overconﬁdence/underconﬁdence of NAO forecasts from seasonal forecast systems
that participate in the EUROSIP (EUROpean Seasonal to Interannual Prediction) MME (Stockdale, 2012). The
EUROSIP ensemble contains seasonal hindcasts from each of the contributing modeling systems, and these
are used in this study.
In section 2 the model data and NAO deﬁnitions used in this study are described. In section 3 the skill and
overconﬁdence/underconﬁdence of the forecast systems in the North Atlantic are evaluated, and in section 4
the seasonal forecasts of the wintertime NAO are evaluated. Finally, in section 5 these results are discussed.
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2. Data and NAO Deﬁnition
2.1. Data
Hindcasts are analyzed for the winter season (December, January, and February [DJF] averages) in seven sea-
sonal forecasting systems from EUROSIP for the 20-year period 1992/1993–2011/2012. This period is the
longest hindcast period common to all systems. For those models for which data are available, results for a
30-year period (1982/1983–2011/2012) are shown in the supporting information. In general, the results are
similar for the two diﬀerent periods.
The systems studied are Met Oﬃce GloSea5 (MacLachlan et al., 2015), ECMWF System 4 (Molteni et al., 2011;
hereafter ECMWF), NCEP-CFSv2 (Saha et al., 2014; hereafter NCEP), Meteo-France Systems 3 and 4 (Voldoire
et al., 2013; hereafter MFr-S3 and MFr-S4), and the Japanese Meteorological Agency (JMA) system 2 (Takaya
et al., 2017). Two versions of the Met Oﬃce’s GloSea5 system, which we refer to as MO-GA3 and MO-GA6,
were used instead of the Met Oﬃce data in the EUROSIP archive, which originates from more than one
model version due to operational upgrades to the Met Oﬃce system. Furthermore, NCEP hindcasts from
http://nomads.ncdc.noaa.gov/data.php were used instead of the NCEP data in the EUROSIP archive, since
members initialized after the start of November did not have hindcast data for December archived. Key details
of these forecast systems are given in Table S1. The ensemble size varies between systems, ranging from 10 to
51 members. Although the hindcasts are all initialized around the start of November, the exact start dates of
the hindcasts diﬀer between models: Ensemble members in the Meteo-France, ECMWF, and JMA systems all
start on 1November;Met Oﬃce ensemblemembers start on 25October, 1 November, and 9November (eight
members each); and NCEP ensemble members start on 23 October, 28 October, 2 November, and 7 Novem-
ber (four members on each). The winter forecasts are therefore forecasts of approximately 2- to 4-month lead
times. The start dates after 1Novemberwere included for theMetOﬃceandNCEP systems inorder to increase
their ensemble size, and the range of dates was chosen to be centered around 1 November. We note that
ensemble members initialized after 1 November will in general have slightly better skill than those initialized
earlier (although this is not the case in MO-GA6).
Themean sea level pressure (MSLP) fromERA-Interim (Dee et al., 2011) is used to characterize the atmospheric
circulation and validate the hindcasts. All model and reanalysis data are regridded to a regular 5∘ × 5∘ grid.
2.2. Deﬁnition of the NAO
Two deﬁnitions of the NAO are used. The ﬁrst, deﬁned by Stephenson et al. (2006), is the diﬀerence in MSLP
averaged over a southern box (90∘W–60∘E, 20∘N–55∘N) and a northern box (90∘W–60∘E, 55∘N–90∘N). We
refer to this as the box-based NAO index. The second, which we refer to as the point-based NAO index, is
the diﬀerence in MSLP between the Azores and Iceland (as used by, e.g., Scaife et al., 2014). The boxes and
the Azores and Iceland points are shown in Figure S1. Results for three intermediate box sizes are shown
in the supporting information (Figure S2).
3. Evaluation of Wintertime Seasonal Forecasts of MSLP in the North Atlantic
In this section the skill and overconﬁdence/underconﬁdence of each seasonal forecast system is evaluated,
for the ensemble size available for each system. The anomaly correlation coeﬃcient (ACC) and the ratio of
predictable components (RPC; Eade et al., 2014) are used to measure skill and overconﬁdence or undercon-
ﬁdence, respectively; these are described in the supporting information. RPC values greater than 1 indicate
underconﬁdence. RPC values less than 1may indicate overconﬁdence butmay also occur due to small ensem-
ble size. Note that we do not include the correction term suggested by Siegert et al. (2016) to correct for
limited ensemble size; see the supporting information for more details. To examine the behavior of a very
large ensemble (126 ensemble members), a MME is constructed by combining all ensemble members with
equal weight from all systems excluding MFr-S4 and JMA, since these systems are shown in section 4 not to
have signiﬁcant skill for forecasting the wintertime NAO.
Maps of ACC skill for DJF MSLP are shown in Figure 1. All the systems have high skill (ACC > 0.7) in the trop-
ics, with the highest values found in the tropical Paciﬁc and around the Maritime Continent. High skill in this
region is expected due to the predictability of El Niño–Southern Oscillation, which can be forecast skillfully
several months ahead (e.g., Jin et al., 2008; Weisheimer et al., 2009). In the North Atlantic the level of skill dif-
fers between systems. The MO-GA3 system has signiﬁcant skill everywhere except for the Gulf Stream region
(Figure 1a). The skill around both NAO centers of action is greater than 0.5, and there is also signiﬁcant skill
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Figure 1. Anomaly correlation coeﬃcient (ACC) for the ensemble mean in each system for winters 1992–1993 to
2011–2012. (a) Met Oﬃce GloSea5-GA3, (b) Met Oﬃce GloSea5-GA6, (c) European Centre for Medium-Range Weather
Forecasts, (d) National Centers for Environmental Prediction, (e) Meteo-France-System 3, (f ) Meteo-France-System 4,
(g) Japanese Meteorological Agency, and (h) the multimodel ensemble. Values larger than 0.38 are signiﬁcantly greater
than 0 at the 95% conﬁdence level.
extending over the United Kingdom. TheMO-GA6 system has similar but lower skill, with signiﬁcant skill only
east of Greenland and around the Azores (Figure 1b). ECMWF has lower but signiﬁcant skill to the east of
Greenland, over central Europe, and in the subtropical Atlantic (Figure 1c). The NCEP system has signiﬁcant
skill in the western North Atlantic and to the east of Greenland (Figure 1d). MFr-S3 has signiﬁcant skill extend-
ing from west of the United Kingdom down into the Mediterranean and over Scandinavia and the Barents
Sea. The remaining two systems, MFr-S4 and JMA (Figures 1f and 1g), exhibit less skill in the North Atlantic,
although JMA does show a small region of signiﬁcant skill to the west of the United Kingdom. The ACC for the
MME is signiﬁcant over most of the North Atlantic and over Greenland and northern Europe (Figure 1h).
Maps of RPC for DJFMSLP forecasts are shown in Figure 2. All systems have RPC values close to 1 in the tropics,
indicating that the forecasts are neither overconﬁdent nor underconﬁdent. The two Met Oﬃce systems have
high RPC values in the North Atlantic (Figures 2a and 2b), forming a tripole structure, as shown by Eade et al.
(2014). In other systems, while the RPC is generally below 1, there are some areas in and around the North
Atlantic with RPC greater than 1. The ECMWF and NCEP systems have RPC > 1 over southern Europe and
to the northeast of Iceland (Figures 2c and 2d). MFr-S3 (Figure 2e) has RPC values greater than 1 extending
from thewest of the United Kingdom across Scandinavia and the Barents Sea, corresponding to the high ACC
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Figure 2. Ratio of predictable components (RPCs) in each system for winters 1992–1993 to 2011–2012. (a) Met Oﬃce
GloSea5-GA3, (b) Met Oﬃce GloSea5-GA6, (c) European Centre for Medium-Range Weather Forecasts, (d) National
Centers for Environmental Prediction, (e) Meteo-France-System 3, (f ) Meteo-France-System 4, (g) Japanese
Meteorological Agency, and (h) the multimodel ensemble.
values in the same regions (see Figure 1e). MFr-S4 and JMA (Figures 2f and 2g) have RPC < 1 over the whole
North Atlantic, except for a small region to the west of the United Kingdom in JMA. These results suggest that
the two Met Oﬃce systems are underconﬁdent over much of the North Atlantic and in particular over the
NAO centers of action; other systems show less evidence of underconﬁdence in the North Atlantic, except in
limited regions. It should be noted, however, that these RPC valuesmay be underestimates due to the limited
ensemble size, and therefore, with larger ensemble size these systems may also show underconﬁdence in
these areas. The MME (Figure 2h) shows RPC > 2 over most of the North Atlantic and over Greenland and
northern Europe, indicating that it is underconﬁdent.
4. Evaluation of Seasonal Hindcasts of the Wintertime NAO
4.1. Wintertime NAO Skill and RPC
The DJF ACC skill for each system for the box-based and point-based NAO indices deﬁned in section 2 is
shown in Figure 3a. Consistent with the results from section 3, theMO-GA3 systemhas the highest skill for the
point-based NAO index. Other systems have lower, but still positive, skill, except for MFr-S4 and JMA, which
show very little skill. In contrast, ﬁve of the systems (all but MFr-S4 and JMA) have signiﬁcant skill for the
box-based NAO index, although this skill is lower and only marginally signiﬁcant in the ECMWF system. The
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Figure 3. (a) Anomaly correlation coeﬃcient (ACC) and (b) ratio of predictable components (RPC) for the point-based
(black circles) and box-based (red squares) winter North Atlantic Oscillation (NAO) indices for all ensemble members in
each system, for the hindcast period 1992 –2011. The dotted line in (a) shows the 95% signiﬁcance level for nonzero
skill; the dotted line in (b) shows the divide between overconﬁdence and underconﬁdence. (c) ACC and (d) RPC against
ensemble size for each system for the box-based NAO index (omitting MFr-S4 and JMA for clarity). Solid and dotted lines
show the mean and mean ± one standard deviation, respectively, over 500 random selections of each number of
ensemble members. Black diamonds show the values for the multimodel ensemble with 126 members. MO-GA3 = Met
Oﬃce GloSea5-GA3; MO-GA6 = Met Oﬃce GloSea5-GA6; ECMWF = European Centre for Medium-Range Weather
Forecasts; NCEP = National Centers for Environmental Prediction; MFr-S3 = Meteo-France-System 3; MFr-S4 =
Meteo-France-System 4; JMA = Japanese Meteorological Agency.
MO-GA3 system has almost identical skill for the two NAO indices. In the remaining systems, the signiﬁcant
skill for the box-basedNAO suggests that these systems capture the broad-scale pressure patternwell. Reduc-
ing the sizes of the boxes used to deﬁne the NAO index results in a reduction in skill (Figure S2). MFr-S4 and
JMA show no skill for either NAO index, consistent with the lack of skill seen over the North Atlantic region for
these systems in Figure 1.
For the box-based NAO index the MME (comprising the ﬁve skillful systems) has a correlation skill of 0.73,
which is higher than for any individual system; for the point-basedNAO index theMME correlation skill is 0.54,
which is lower than that obtained by the MO-GA3 system.
The RPC for the NAO forecasts for each system is shown in Figure 3b. Only theMO-GA3 system has RPC values
higher than 2 for the point-based NAO index; the MO-GA6 and NCEP systems have RPC just over 1 for this
index, while ECMWF and MFr-S3 have RPC values around 0.5, which may mean that they are overconﬁdent
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or may be a result of their limited ensemble size. MFr-S4 and JMA have RPC values close to 0, which is due to
their very low NAO skill. For the box-based NAO index, the MO-GA3, MO-GA6, and NCEP systems have RPC
values greater than 1.4, while ECMWFandMFr-S3 have RPC values around 1. These results suggest that, for the
box-basedNAO index, theMetOﬃce andNCEP systems are skillful but underconﬁdent, while the ECMWF and
MFr-S3 systems are skillful but not underconﬁdent. We note again, however, the underestimation of RPC for
small ensemble size. For the MME, the RPC is 2.79 for the point-based NAO index and 3.51 for the box-based
NAO index. This suggests that the MME, with its large ensemble size, is clearly underconﬁdent.
For comparison, the ACC and RPC were calculated for the NAO index deﬁned as the leading EOF over the
North Atlantic. Results are very similar to those for the box-based NAO index and are shown in the supporting
information (Figure S3).
To assess the dependence on ensemble size, Figure 3c shows the ACC for the box-based NAO index, for dif-
ferent numbers of subsampled ensemble members in each system. MFr-S4 and JMA are omitted for clarity,
because they were shown to have no skill for the NAO. For all systems, the ACC increases with ensemble size,
in agreement with Kumar (2009), Scaife et al. (2014), and Athanasiadis et al. (2017). With the exception of
ECMWF, all systems and the MME have a similar slope of the ACC curve, and much of the variation in ACC
between systems can be explained by their diﬀerent ensemble sizes. It is reasonable to hypothesize, based on
the similarity in the curves for the available ensemble sizes, that all these systemsmight achieve a correlation
skill above 0.7 if they had as large an ensemble size as the MME. In contrast, the ECMWF system appears to
be converging to a somewhat smaller ACC, despite its relatively large ensemble size (51 members). The cor-
relations are generally higher than those shown in Figure 4 of Butler et al. (2016), which is due to the diﬀerent
NAO index used and may also be due to diﬀerent hindcast periods used.
Like the ACC, the RPC also increases with ensemble size (Figure 3d). The RPC curves for theMO-GA3, MO-GA6,
and NCEP systems follow roughly the same curve as the MME, tending to values signiﬁcantly greater than 1
with increasing ensemble size. The MFr-S3 system curve is also similar to that of the MME, and extrapolation
by eye suggests that with a larger ensemble size the RPC would increase further above 1 (i.e., the system is
underconﬁdent) although it is diﬃcult to conclude this for deﬁnitewith sucha small ensemble size. In contrast,
the ECMWF systemhas RPC values close to 1 and does not show a tendency toward underconﬁdence even for
its relatively large ensemble size. The ECMWF system therefore has the correct proportion of unpredictable
noise, given its skill.
4.2. Temporal Evolution of Wintertime NAO Skill
In this section the temporal evolution of the NAO forecasts is investigated. A time series of anomalies of the
box-based winter NAO index for the period 1992–2011 is shown in Figure 4a, for ERA-Interim and for the
ensemblemean from each seasonal forecast system (excludingMFr-S4 and JMA for clarity due to their lack of
skill) and theMME. The interannual variability of the ensemblemean seasonal forecasts is clearly smaller than
the variability in ERA-Interim (interannual standard deviations ranging from1.02 to 1.57 hPa in the forecasting
systems, compared with 5.59 hPa in ERA-Interim). This means that, although the forecasts are skillful in terms
of correlation scores, a seasonal NAO forecast from these systems will generally consist of a small shift in the
forecast probability density function (pdf) from the climatological pdf. The interannual standard deviation of
individual ensemble members (not shown) roughly matches that of ERA-Interim.
To aid visual comparison between the forecast systems and ERA-Interim, the normalized NAO indices are
shown in Figure 4b. There are some years when all or nearly all systems do well in capturing the sign and
magnitude of the observed (normalized) index. Winters 2009–2010 and 2010–2011 are those with the most
strongly negative observed NAO (with 2009–2010 having an exceptionally strong negative NAO; Rivière
& Drouard, 2015) and are generally well forecast. Similarly, winters 1992–1993, 1994–1995, 1999–2000,
2007–2008, and 2011–2012 are those with the most strongly positive observed NAO and are also generally
well forecast, with four or ﬁve systems forecasting the correct sign of NAO anomaly in each year. In years with
weakly positive or weakly negative NAO, the forecast systems tend to do less well, consistent with the results
of Athanasiadis et al. (2017) who showed low skill for middle-tercile MSLP forecasts and Weisheimer et al.
(2017), who found low skill for weakly negative NAO years but much higher skill for strongly negative NAO
winters in a long atmosphere-only seasonal hindcast data set. The correlation skill is robust to removing indi-
vidual winters with particularly high or low skill, which gives correlations within 0.1 of the values obtained
from the full time series for allmodels and theMME. TheMMEmean forecasts the correct sign of NAOanomaly
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Figure 4. Time series of the box-based (a) NAO anomalies (relative to the 20-year mean), in hectopascals, and (b) NAO
anomalies normalized by the standard deviation over the 20-year period, for ERA-Interim and for the ensemble mean in
each seasonal forecast system and the multimodel ensemble. MFr-S4 and JMA systems are omitted for clarity. The years
on the x axis indicate the start of the relevant winter (e.g., 1992 represents winter 1992 –1993). NAO = North Atlantic
Oscillation; MO-GA3 = Met Oﬃce GloSea5-GA3; MO-GA6 = Met Oﬃce GloSea5-GA6; ECMWF = European Centre for
Medium-Range Weather Forecasts; NCEP = National Centers for Environmental Prediction; MFr-S3 =
Meteo-France-System 3; MFr-S4 = Meteo-France-System 4; JMA = Japanese Meteorological Agency.
in 18 of the 20 years. The fact that certain years are well forecast bymost systems suggests that there are pro-
cesses or teleconnections leading to these years being more predictable. Scaife et al. (2016) showed that the
NAO seasonal forecast skill in GloSea5-GA3 is conditional on the presence of sudden stratospheric warmings
(Sigmond et al., 2013) but originates from tropical rainfall (Scaife et al., 2017). Stockdale et al. (2015) and Scaife
et al. (2017) argue that factors such as the El Niño–Southern Oscillation play a role, and Butler et al. (2016)
showed that models that resolve the stratospheric response to tropical drivers give more skillful NAO fore-
casts. This is in agreement with Domeisen et al. (2015) who showed that predictability over Europe is only
increased by El Niño events when sudden stratospheric warming events also occur. Due to these complexi-
ties, there is no clear pattern in our data showing better forecasts speciﬁcally in El Niño or La Niña years. Other
recent studies (Caian et al., 2018; Dobrynin et al., 2018; Folland et al., 2012; Hall et al., 2017; Wang et al., 2017)
have shown that factors such as Atlantic sea surface temperatures and Arctic sea ice extent also have an inﬂu-
ence on the NAO, while Lin et al. (2015) and Garﬁnkel et al. (2014) suggested an inﬂuence of certain phases
of theMadden-Julian Oscillation. Disentangling the sources of predictability in individual years is beyond the
scope of this study and is an important ongoing area of investigation.
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5. Conclusions
In this study, the skill and underconﬁdence/overconﬁdence of forecasts of the wintertime NAO from seven
EUROSIP seasonal forecast systems were examined. Five systems were shown to have signiﬁcant skill for
forecasting the wintertime NAO at lead times of 2–4 months, over the hindcast period 1992–2011, when
the NAO was deﬁned as the pressure diﬀerence in two large areas; only one system skillfully forecasts the
Azores-Iceland pressure diﬀerence. TheMME had signiﬁcant skill for both indices. A clear increase in skill with
increasing ensemble size was found, consistent with other studies (Athanasiadis et al., 2017; Kumar, 2009;
Scaife et al., 2014); therefore, higher correlation skill is expected if a larger ensemble size were used. Three
systems (MO-GA3, MO-GA6, and NCEP) and the MME were found to have RPC values much greater than 1
for the box-based NAO forecasts, implying underconﬁdence, with a tendency toward larger RPC values with
increasing ensemble size. TheMFr-S3 system has RPC only just greater than 1, but this is likely due to its small
ensemble size (11 members) and extrapolation by eye suggests that for a larger ensemble size this system
would also show RPC much greater than 1 and thus be underconﬁdent. In contrast, the ECMWF system has
RPC values of around 1, even for a relatively large ensemble size (51 members) indicating that these fore-
casts are not underconﬁdent, despite being skillful, and this system therefore has the correct proportion of
unpredictable noise given its skill. This suggests that the results of Scaife et al. (2014) and Eade et al. (2014),
that the skillful Met Oﬃce NAO forecasts are underconﬁdent, apply to most, but not all, seasonal forecast-
ing systems that can skillfully forecast the NAO. It should be noted that the interannual variance of individual
ensemble members is close to that of ERA-Interim, so the underconﬁdence is not simply due to the incor-
rect amount of variability within the model. Finally, there are several years in the period studied in which the
NAO is well forecast by all or nearly all of the forecasting systems. These tend to be years with strongly pos-
itive or strongly negative observed NAO. The fact that certain years are well forecast by all or most systems
means that the processes that are key for forecasting the NAO in these cases are represented to at least some
degree by several forecast systems. Future research eﬀorts should aim to identify these processes and work
to further improve their representation in forecasting systems, while also trying to identify the sources of
underconﬁdence demonstrated by the more skillful systems.
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